Simultaneous measurements of fluctuating velocity and pressure have been conducted in the near field of a wing-tip vortex trailing from a NACA0012 half wing. In the vortex core, the time-averaged streamwise velocity shows a wake-like profile which exhibits a deficit by approximately 25% of free stream velocity. The meandering of the vortex is evident from both velocity and pressure measurements: The power spectral density (PSD) of the transverse velocity fluctuation increases in the lower frequency range, and the distribution of the pressure fluctuation exhibits an elongated shape in the z direction as well as two peaks slightly off from the vortex center. The distribution of the measured velocity-pressure correlation varies significantly near the center of the vortex especially in downstream locations.
Introduction
The swirling motion of the wing-tip vortex creates a significant pressure distribution and velocity gradients, and as a consequence, it is expected that the strong velocity and pressure fluctuations take place. In addition, the meandering of the wing-tip vortex causes the extra velocity and pressure fluctuations. We consider therefore the wing-tip vortex may serve as a good test case for the investigation on the relationship between the large-scale vortical structure and the contribution of the velocity-pressure correlation in the balance of turbulence characteristics, e.g. the turbulent kinetic energy and the Reynolds stress.
The meandering of the wing-tip vortex was experimentally observed in the past and several different possible reasons were proposed to account for its origin. Devenport et al. (1) concluded that the meandering was caused by wind-tunnel unsteadiness. Studies performed by Bailey and Taboularis (2) suggested that the higher free stream turbulence levels introduces the larger amplitude of the meandering as shown in Fig. 7(b) . Heyes et al. (3) indicated that meandering is entirely responsible for the distribution of the Reynolds stress. In order to evaluate the velocity-pressure correlation, simultaneous measurements of fluctuating velocity and pressure at arbitrary locations are necessary. Although the measurement of the fluctuating pressure has been a challenging problem, the local measurement of fluctuating static pressure using the miniature pressure probe developed by Toyoda et al.
(4) becomes popular according to several successful reports (5), (6) . We also have confirmed the applicability of the technique of the simultaneous measurement of fluctuating velocity and pressure with the combination of this probe and the X-type hotwire probe in a plane turbulent mixing layer (7) . Furthermore, our technique has been preliminary applied to a wing-tip vortex (8) .
In this paper, simultaneous measurements of fluctuating velocity and pressure are performed in the near-field of the wing-tip vortex where the vortex is under the development. Through the developing region of the wing-tip vortex, the contribution of a large longitudinal 
Experiments
Experiments were performed in a blowing wind-tunnel with a 0. ter (CTA, Kanomax 1011) was used for the velocity measurements and a miniature static pressure probe (7) (SP-probe) was employed for the fluctuating pressure measurement. In order to achieve the simultaneous measurement of velocity and pressure, these two probes were placed parallel to the free stream direction as shown in Fig. 1 . The simultaneous measurements of u, v, p and u, w, p were separately performed with two different probe positions 1 and 2 as illustrated in Fig. 2 so that three mean velocity and five Reynolds stress components could be obtained by the X-probe. The center-to-center distance between the SP-and X-probes was set to 2.5 mm. The streamwise velocity component u could be measured in both positions, hence the mean velocity U and the r.m.s. value of velocity fluctuation u were calculated as an average of the results obtained by the two probe positions. Measurements were undertaken in different configurations summarized in Table 1 . In the case of the measurement by SP-and X-probes at x/c = 1.0, for example, the combined probe was traversed in both the y-and z-directions over the region consisting of 24 mm × 24 mm with increments of 1.2 mm in each direction providing 441 measurement points. The traversing systems in y and z directions were controlled by a PC with a resolution of ± 10 µm while the position in x direction was adjusted by hand. The sampling rate was 10 kHz and the JSME Technical Journal sampling time was 30 seconds at each point. The "effective angle technique" (9) was used for converting the signal from the CTA into velocity. The yaw-angle calibration was carried out in order to determine the effective angle. Since the X-probe was applied to three dimensional flows such as the wing tip vortex, we performed the calibration to check the apparent increase of velocity due to the pitch angle (defined by the angle between the velocity vector and the X-probe plane). The velocity measured in the wing-tip vortex was corrected according to the pitch angle which was obtained by the time-averaged axial and tangential velocity components. Figure 3 shows the distributions of axial and circumferential velocity components U, V and streamwise vorticity Ω x across the vortex. The origin of the coordinate z is adjusted to the center of the primary vortex (y c , z c ), defined as the location where the magnitude of time-averaged circumferential velocity √ V 2 + W 2 reaches a minimum. The variables are normalized by the free stream velocity U ∞ and the chord length c.
Results

Characteristics of the wing-tip vortex
As shown in Fig. 3(a) , the profiles of the axial velocity at three different streamwise positions exhibit wake-like profiles. The profile at x/c = 0.01 indicates a 25% velocity deficit against the free stream velocity, recovering to 15% at x/c = 0. 
Meandering of the vortex
According to previous experimental observations (1) -(3), (11) , the time-averaged vortex center moves downstream as it develops due to something known as the "vortex kink" which can happen even in the near field. Figure 4 presents the positions of the vortex center and their radii at three streamwise locations. The radius of the vortex is given as a half of the distance between the positions where the time-averaged circumferential velocity distribution takes maximum and minimum. The radius of the main vortex becomes slightly smaller and its center moves closer to the trailing edge in y direction and slightly outward in z direction. 
Velocity-pressure correlation
In Fig. 8 (a) and 8(b), up and vp measured by the probe position 1 (illustrated in Fig. 2 ) are plotted along a line in the z direction through the vortex center, and in Fig. 8(c) and (d) , up and wp measured by the probe position 2 are plotted in y direction. The peaks of up, vp and wp increase with streamwise location, and their positions in the y and z directions relative to the vortex center are nearly constant. The increase in the velocity-pressure correlation can be attributed to the meandering of the vortex similar to the increase of the velocity and pressure fluctuation shown in Figs. 5 and 7. Although the significant variation of the velocity-pressure correlation might indicate a contribution from the pressure-diffusion terms to the balance of turbulence properties, it should be further investigated by the comparison with other terms.
To facilitate a discussion on the velocity-pressure interaction, the correlation coefficient are now examined. Figure 9 shows the correlation coefficient of fluctuating velocity and pressure (R up and R vp ) across the vortex. Distributions at x/c = 0.5 and 1 agree well with each other, indicating that the flow tends to develop into a self-similar state. R up has two positive peaks and the correlation rises up to 0.4, while R vp has negative and positive peaks near the vortex center and the correlation reaches 0.6. These profiles of correlation coefficients may be related to the unsteady motion of the wing-tip vortex in z direction as indicated in the p 2 distribution, shown in Fig. 7(a) , which is elongated in the z-direction.
Conclusion
Simultaneous measurements of fluctuating velocity and pressure were conducted in the JSME Technical Journal 
